Abstract
Introduction

13
Recent years have seen a lot of research activities devoted to the Oort cloud. Some of these have focused 14 on the origin of the cloud by simulating the increase of perihelion distances of scattered disk objects and 15 the consequent decoupling from the gravitational influence of the planets. Others have started from a cloud 1 The model of planetary perturbations is such that a perturbation is computed each time a comet passes at less than 60 AU from the Sun, using the part of the trajectory at less than 150 AU. These two parameters are slightly different from those in Fouchard et al. (2014a) Table 1 : For each stellar sequence are given, from left to right, the number of the stellar sequence, the total estimated number of comets directly observable by stars with N⋆ > 10, and the numbers of stars able to directly inject more than 10, 100 and 500 comets into the observable region. See the main text for how these numbers are computed.
observable region by a single star using the following power laws, according to the value of M ⋆ /V ⋆ (where 
otherwise, and where d ⊙ is the impact parameter with respect to the Sun, and M ⊙ the solar mass.
113
The full strength of a stellar sequence may be evaluated by estimating the total number of directly 114 injected comets, considering only the case where N ⋆ > 10 since the two power laws are not very reliable for 115 small values of N ⋆ . One can also count the number of stars in a sequence with N ⋆ > 10, 100 or 500. These 116 characteristics are given in Table 1 . distance with the Sun are also shown for each star.
120 Table 1 and Fig. 1 illustrate the wide range of behaviours found using only ten different sequences. The 121 estimated number of comets directly injected during shower periods varies from about 3 500 to more than 122 13 000. On Fig. 1 one notes that indeed sequences #4 and #7 include several star passages at less than or 123 about 1 000 AU, whereas sequences #1, #5 and #8 contain just a few moderately effective star passages,
124
all at more than 3 000 AU.
125
Regarding the frequency of each stellar type among the rogue stars, for the greatest comet showers one 6 wd, for a total of 74 stars. Comparing these numbers to the frequency of stellar passage at less than 1 pc 128 during 1 Myr given in Table 1 of Rickman et al. (2008) , the higher efficiency of massive stars to produce 129 comet showers is clearly confirmed.
130
We have not been able to establish a clear relationship between the characteristics of a stellar sequence 131 as listed in Tab. 1 and the results obtained in the present study. Indeed, because of the strong anisotropy 132 of our initial conditions set, not only the strength but also the geometry of each encounter affect the results
133
significantly. Consequently, from now on we will focus on the results obtained with stellar seq. #2 that we sequences will be given. 
With the TP-model
138
We will first discuss the final shape of the Oort cloud for the five final snapshots using the TP-model. As 139 mentioned above, the snapshots correspond to five different storage times ranging from t ≈ 4.0 Gyr (17 T G )
140
to t ≈ 4.9 Gyr (21 T G ). Over this period, the number of comets remaining in the cloud decreases from 141 2.50 · 10 6 to 2.16 · 10 6 comets. During the whole integration time-span, most of the comets were ejected 142 on hyperbolic orbits. The other end states are as follows: about 650 000 reached a semi-major axis smaller 143 than 100 AU, for which the evolution stops, about 1 900 impacted the Sun and 0, 1, 41 and 100 impacted 144 Jupiter, Saturn, Uranus and Neptune, respectively.
145
The upper plot of Fig. 2 shows the distributions of z = −1/a proportional to the orbital energy, where 146 a is the semi-major axis of the surviving comets, at the five different storage times. For clarity of the plot, 147 the distributions are obtained using a fixed bin size in log a, where a is the semi-major axis of the comets 148 expressed in AU. However, because for Oort cloud comets it is convenient to consider z rather than a, the 149 number of comets in each bin has been divided by 10 4 (z max − z min ) where z min and z max are the values of 150 z at the borders of the bin. Then each distribution is normalized so that the sum over all the bins equals 151 one. On the lower plot of Fig. 2 , for each distribution, we show the behaviour of the median of cos i, in each 152 bin, versus a.
153
We first note that the distributions of orbital energy and the behaviours of the median of cos(i) are very 154 similar for the five different storage times. Considering that about 1 Gyr separates the first and the last 155 7 final time, we may conclude that the Oort cloud has reached a kind of steady state. This fact will be used in Sec. 4.
157
Let us recall that when the comets are injected into the Oort cloud at the beginning of the evolution, the 158 distribution of z is flat and the semi-major axes span the range from 1 100 to 50 000 AU. We then observe on 159 Fig. 2 that a transport of semi-major axis has occurred toward very low values. In addition, as mentioned,
160
the semi-major axes of about 650 000 comets have passed the threshold at 100 AU.
161
Because the Galactic tides are unable to change the semi-major axis of a comet, except if it is very large, resonances with Neptune associated to a Lidov-Kozai mechanism (see also Gomes et al., 2005) .
170
For semi-major axes larger than 1 000 AU, the fit remains good until 1 500 AU, from where the departure 171 from this power law (and, in fact, any power law) is evident. Thus, beyond this threshold the dynamics is 172 not driven by the planets only but also by the Galactic tides.
173
Indeed, it is well known that the Galactic tides mainly affect the perihelion distance and the Galactic 174 inclination of the comets and that its strength increases with the semi-major axis. Consequently, the larger 175 is the semi-major axis, the higher will be the efficiency of the tides to drive the perihelion of the comets 176 away from the planetary region, thereby protecting the comets from ejection. In other words, the region 177 where the tides are not efficient enough to remove the perihelion from the planetary region gets depleted 178 because of planetary ejection. This roughly explains why the distribution of surviving comets increases with 179 the semi-major axis for a > 1 500 AU (at least until about 8 000 AU), whereas initially the distribution is 180 flat in this range.
181
Then why does the distribution decrease again beyond 8 000 AU? Is the knee observed at 1 500 AU an 182 artefact of our cut off at 1 100 AU for the initial semi-major axis of the comets? To answer these questions 183 we need to consider the population of the surviving comets in the (a, q) plane.
184
Before this, let us make two points about the behaviour of the median of cos(i) observed in the lower 185 panel of Fig. 2 . Clearly, in the planetary transport regime, between 300 and 1 000 AU the inclination remains 186 small since the planets are driving the dynamics. For semi-major axes larger than 1 500 AU, the increase of 187 the strength of the tides with the semi-major axis is also evident. period. The number of perihelion cycles that a comet may perform during a time span t is then simply 196 n P (t) = t/P q .
197
In addition, considering the integrable system, it may be shown (see Appendix A) that for orbits with 198 small semi-major axis and high eccentricity, the maximal value q max that the perihelion distance can reach,
199
starting from q 0 with arbitrary inclination and argument of perihelion during a time span t, is estimated by
200
(as far as t remains small with respect to P q ):
where G 3 = 4πµρ ⊙ and µ ′ = µM with µ the universal gravitational constant, ρ ⊙ the density of the Galactic and bottom panels, respectively. In the top panel, the black line shows the variation of the median of n P (t s )
209
for t s = 19 T G , as computed in each semi-major axis bin. The grey area is defined by the lower and upper 210 quartiles of n P (t s ) for each semi-major axis bin. Like in Fig. 2 , a uniform bin size has been chosen in log a.
211
In addition, an equal bin size has been chosen in log q (with q expressed in AU) for the (a, q) plane. Then,
212
in each cell, the number of comets has been divided by 10 4 (q max − q min )(z max − z min ) for the (a, q) plane
213
and by 10 4 (z max − z min ) for the (a, cos i) plane. Thus, the colour diagrams refer to the number of comets In addition, on the middle plot, the distribution of comets in orbital energy (black line) and the best fit power law for semi-major axis between 300 and 1 000 AU (black thin line) already plotted in Fig. 2 for of the Galactic tides, given by Eq. 3 for t s = 19 T G , has also been plotted for the two extreme initial values 222 of the perihelion distance q 0 = 15 AU and q 0 = 32 AU (dotted lines).
223
On the bottom panel, the variation of the median of cos i, already shown on Fig. 2 Eq. 3 is valid only for highly eccentric orbits and for t s small with respect to the period P q of the perihelion 233 cycle, the fit gets worse for increasing semi-major axis, because P q ∝ P −1 , where P is the orbital period of 234 the comet.
235
The fact that the fit is very good between 800 and 2 500 AU shows that the location of the transition is Dones et al. (2004) , however at a slightly higher semi-major axis (a ∼ 2 − 3 000 AU).
240
In the present study, the location of the knee is well understood considering that a transport of semi-241 major axis caused by the planets can take place only if the perihelion distance is smaller than 45 AU.
242
Equation 3 tells that for our initial conditions and for t s = 19 T G , a semi-major axis greater than 543 AU if 243 q 0 = 15 AU or 891 AU if q 0 = 32 AU is required for the tides to remove the comets from this transport regime.
244
Considering the median value of the perihelion distance q med instead of the maximum (see Appendix A),
245
these two semi-major axis thresholds become 1 090 AU and 1 640 AU, respectively. These values correspond 246 quite well to the location of the knee.
247
We now turn to the main features observed in the tidal regime of the (a, q) diagram in Fig. 3 . Between 248 5 000 and 10 000 AU of semi-major axis, the distribution of orbital energy has a local maximum. rather well with the decrease observed in the distribution of orbital energy for semi-major axes between 255 8 000 and 13 000 AU.
256
Between 13 000 and 50 000 AU of semi-major axis, comets with similar semi-major axes may have per-
257
formed different numbers of perihelion cycles, as seen from the top panel of Fig. 3 . Hence, the imprint of 
265
Concerning comets with semi-major axis larger than 50 000 AU, since the tides cannot change significantly 266 their semi-major axes, they clearly have been placed there by planetary perturbations.
267
As regards the tidal regime in the (a, cos i) plane (bottom diagram in Fig. 3 ), we notice that a median 268 value of cos i close to zero is not synonymous with an isotropic Oort cloud. In particular, for semi-major 269 axes between 20 000 and 50 000 AU, the median is close to zero, whereas the cloud is clearly not isotropic 
273
This anisotropy is expectable, since the tides induce an almost integrable dynamics. The only exception 274 is for semi-major axes larger than 50 000 AU, where the cloud seems to be isotropic. For such large semi-275 major axis, the tides cannot be considered as a quasi integrable system since the two hypothesis upon which 276 the integrability rely are broken. Indeed, the radial component may not be negligible and the mean anomaly 277 cannot be considered as a fast angle any more. In addition, considering that all the comets in this region 278 have been placed there by the planets, this gives an additional contribution to the failure of the integrability.
279
The loss of integrability contributes to the apparent isotropy of the cloud beyond 50 000 AU.
280
It is out of the scope of the present study to show a realistic picture of the planetary transport regime.
281
Our model does not include planetary perturbations for perihelion distances larger than 60 AU. This is 282 clearly the reason for the absence of comets beyond this value for semi-major axes smaller than 1 000 AU.
283
We are still able to draw some conclusions:
284
• the threshold at 45 AU (see Brasser and Schwamb, 2015, for instance) for the planetary perturbations
285
to induce a transport in semi-major axis is clearly observed;
286
• the accumulation of comets with perihelion close to 60 AU for semi-major axes smaller than 300 AU 
290
We claim that the limit at 60 AU for the planetary perturbations affects neither the shape of the cloud at 291 more than 1 500 AU from the Sun nor the production of observable "new" comets (which will be discussed 292 in Sec 4). Indeed, it has been observed that for semi-major axis greater than 1 500 AU, the tides dominate 293 the evolution of the perihelion distance and for smaller semi-major axis it is quite unlikely that a comet 294 with perihelion beyond 60 AU from the Sun becomes observable, i.e., that its perihelion distance decreases 295 to less than 5 AU. 
With the full models
297
Now we consider the case where stellar perturbations are also at work. Ten simulations have been 298 performed using different sequences of stellar encounters. As mentioned in Sec. 2, we will not discuss the 299 effects of each stellar sequence.
300
Model #2 will be used as a canonical case of a full model, whereas the set of ten simulations is used to 301 estimate the range of validity of our results. Sequence #2 is a rather "quiet" sequence, in the sense that no 302 individual stellar passage seems to have strongly influenced the final shape of the Oort cloud.
303
Over the five storage times, the number of comets remaining in the cloud decreases from 3.04 · 10 6 to 304 2.72 · 10 6 . As for the TP-model, most of the lost initial comets were ejected on hyperbolic orbits. About work, the perihelion cycle caused by the tides may be broken so that the perihelia are lifted away from the 314 planetary region, thus protecting the comets from the considered end states.
315
Figure 4: The top panel shows the distribution of orbital energy in Model #2 at the five storage times (these distributions are overlapping). The grey area (also almost indistinguishable) corresponds to the range obtained using the ten full models for ts = 19 T G . The blue line shows the distribution obtained at ts = 19 T G using only the sample of Model #2 comets that were decoupled at some time during their evolution. The dashed red line shows a fit to the distributions using two analytic laws (see text for details). The two colour diagrams are the same as in Fig. 3 . In the (a, cos i) plane, the grey area shows the range of the median of cos i obtained with the ten full models.
The top panel of 
324
Like for the TP model, the orbital energy distribution may be fitted by a power law for semi-major 325 axis between 300 and 1 000 AU. For Model #2 and t = 19 T G , the distribution is proportional to |z| β with 326 β = −1.63 ± 0.04. Considering the four other storage times for this stellar sequence, the index β ranges 327 between −1.63 and −1.70, and considering all ten models for t s = 19 T G , β ranges between −2.18 and −1.57.
328
We note that β is quite dependent on the stellar sequence. Models #3, #4 and #7 yield β values close 329 to −2. According to Tab. 1 and Fig. 1 , these sequences are rather "hot" in the sense that they contain 330 events that efficiently inject comets directly into observable orbits. However, Model #8, which represents a
331
"quiet" case, also yields a value of β close to −2. This highlights the difficulty to relate the effects of stellar 332 sequences to their measurable characteristics.
333
For semi-major axis greater than 2 000 AU, we are out of the planetary transport regime, and the 
343
Let us consider only the comets for which the semi-major axis has reached a value less than 1 000 AU 344 at some time during their evolution. In a former paper (Fouchard et al., 2014b ) these comets were called
345
"decoupled" comets, because their semi-major axis was too small for the tides or the stars to significantly 346 affect their dynamics during the age of the solar system. The orbital energy distribution obtained from these 347 comets corresponds to the blue dotted line on the top panel of Fig. 4 . Surprisingly, for a > 2 000 AU, the 348 distribution agrees very well with that obtained considering all the comets. If we perform a fit only from 349 these comets, we get α = 4 628, i.e., the distribution is slightly flatter than that of all the comets. is now much smaller than it was in the planetary transport regime, i.e., for a between 300 and 1 000 AU.
356
In the top panel of Fig. 4 , the dotted red line shows the Model #2 distribution for t s = 19 T G , as fitted 357 by the power law and the exponential law. This fit is indeed excellent in both regimes , and moreover, this
358
is the case for all stellar sequences.
359
The middle and bottom panels of Fig. 4 show the repartition of surviving comets for Model #2 at 360 t s = 19 T G in the (a, q) and (a, cos i) planes, respectively. In the (a, q) plane, the maximum value that the the stars were not at work, in two aspects.
367
• Because of the stellar contribution, some comets have perihelion distances larger that the maximum 368 allowed under the tidal action only.
369
• In the model without stars (Fig. 3 ) many comets were back into the planetary region after one perihelion 370 cycle, and this occurred mainly for semi-major axis between 7 000 and 11 000 AU. However, these region. This explains why we no longer see the local minimum around 13 000 AU, which was observed 374 in Fig. 3 .
375
The behaviour of the median of cos i versus a shown at the bottom of Fig. 4 tells us that the Oort 376 cloud is certainly not isotropic for semi-major axes below 8 800 AU, whatever is the stellar sequence used.
377
This value corresponds to the minimum semi-major axis, for which at least one median is equal to zero. In where the nearly integrable Galactic tide is able to make a comet observable on its own, i.e., the minimum of 386 the perihelion distance over one cycle is smaller than 5 AU (Fouchard et al., 2011a) . The density of comets 387 inside this region is crucial in order to explain the flux of observable comets. Consequently, it is important 388 to study the filling of the TAZ in order to evaluate and understand this flux. By filling we mean the fraction 389 of comets belonging to the TAZ within any semi-major axis bin.
390 Figure 5 shows the filling of the TAZ versus the comet semi-major axis for the TP model. We considered 391 the sample of surviving comets at storage time t s = 19 T G . In addition, we plot the TAZ fillings of our
392
initial condition sample and a thermalized sample of initial conditions, i.e., isotropic and with a distribution
393
of eccentricity e proportional to e.
394
Figure 5: Fraction of comets in the TAZ versus the semi-major axis for the TP-model (blue line), our initial conditions (grey dotted line) and a thermalized set of comets (red line).
For our initial conditions, the TAZ filling is almost independent of the semi-major axis (about 18%) 395 and higher than the maximum value obtained with the thermalized cloud in the same semi-major axis 396 range. These two properties are a consequence of our choice for the initial conditions. The initial perihelion 397 distance distribution is uniform between 15 and 32 AU, i.e. close to the threshold chosen to define the TAZ
398
(remember, however, that the TAZ is defined by the minimal value of the perihelion distance over a full 399 cycle generated by an integrable galactic tide); this explains the higher TAZ filling obtained with our set of 400 initial conditions with respect to the thermalized cloud.
401
Moreover, the eccentricity does not vary strongly for our initial conditions (the median of the eccentricity from a = 1 100 AU to a = 50 000 AU increases from 0.9786 to 0.9995, i.e., about 2%), whereas the distribution to the TAZ or not, we see why the TAZ filling is almost constant throughout our initial population.
407
The TAZ depletion for the TP-model is easily explained as follows. The probability of ejection from the
408
Oort cloud by the giant planets is a decreasing function of the perihelion distance. This probability is close 409 to 90% for comets entering the observable region, i.e., at less than 5 AU from the Sun and about 10% for the TAZ. Obviously, the ejection is also more likely when the perihelion is close to its minimal value over 413 one cycle.
414
In the top panel of Fig. 3 , it is seen that for semi-major axis between 7 000 and 11 000 AU, in most 415 cases the perihelion had time to compute a complete cycle, i.e., to reach its minimal value, and that for 416 higher semi-major axis the perihelion had time to complete several cycles. Consequently the higher is the 417 semi-major axis, the higher is the probability for a comet inside the TAZ to be ejected from the Oort cloud 418 by planetary perturbations. This relation holds until a ∼ 20 000 AU.
419
For a > 20 000 AU, the TAZ filling increases again. This is mainly caused by the perihelion-passage- faster for increasing semi-major axis, this timing problem gets stronger for higher semi-major axis.
424
One may wonder, however, why for semi-major axes from 2 000 to 5 000 AU, the TAZ is even more filled 
429
It is remarkable that when a > 20 000 AU, the TAZ filling for the TP-models is larger than the one 430 obtained for a thermalized Oort cloud. This is an indication that, at least when stars are not at work, the
431
Oort cloud is not isotropic even at such distances from the Sun. Indeed, although it was observed in Fig 3   432 that the median value of the cosine of the ecliptic inclination is close to zero when a > 25 000 AU for the formed. An isotropic cloud would not have such an affinity.
438
For comets with a > 50 000 AU, the TAZ filling decreases again, since at such large distances the 439 approximation of the tidal dynamics by an integrable system fails completely.
440
Let us now turn to the behaviour of the TAZ filling when stellar perturbations are at work, as shown in Two regions are clearly identified.
445
• For semi-major axes between 2 000 and 5 000 AU, the TAZ filling is very sensitive to the stellar 446 sequences. We know that for this range of semi-major axis, the comets did not have time to perform caused by only few stars, which differ strongly from one sequence to another. Because the geometry of 451 the encounter is also important, it is not possible to draw any further conclusion. Indeed, Model #7 452 yields a TAZ filling very close to the isotropic case, whereas Model #4 yields one of the highest fillings.
453
However, looking at Tab. 1 and Fig. 1 , both these sequences are seen to contain some of the most 454 efficient shower making stars.
455
• For semi-major axes larger than 7 000 AU, all TAZ fillings converge toward the isotropic case, show-
456
ing now that background stars are more important than individual stars. Between 7 000 and about
457
13 000 AU the decrease of the TAZ filling is also caused by the planets, since comets in the TAZ may 458 have their perihelia back into the planetary region giving a chance to eject them from the Oort cloud.
459
Beyond 13 000 AU, the TAZ filling does not increase again like in the TP-model, since the stars have 460 now fulfilled their role by cancelling the TAZ affinity of the comets, also making the cloud nearly 461 isotropic (see Fig. 4 ). (1 T G ≈ 236 Myr), we may consider that the five storage sets are mutually independent.
468
Consequently, the observable comets coming from each storage set may be considered as coming from 469 different initial population. Hence, the whole set of observable comets corresponds to a final flux of observable 470 comets using 5 × 10 7 initial conditions. The observable time is then taken as the median of all storage times,
471
i.e., t = 19 T G ≈ 4.49 Gyr.
472
We recall that during its evolution a comet may be ejected from the cloud into interstellar space, impact 473 the Sun or a planet or have a semi-major axis smaller that 100 AU, under which conditions the evolution 474 stops. If it survives all these end states, it may become an observable comet.
475
For this to occur, a comet that has been stored must pass at less than 5 AU from the Sun at its first 476 perihelion passage after an additional relaxing period lasting ∆ R = 30 Myr. The role of the relaxing period 477 is to remove any shower making stars, so that our set of observable comets may be considered as quiescent 
479
The observable comets do not have equal importance. We have to weigh each of them by the probability 480 that the perihelion passage occurs during a fixed observing period. If this period is set equal to 1 Myr,
481
then each observable comet is replaced by a number of comets per million years, so that the weight to be 482 applied is 10 6 /P orig , where P orig is the orbital period of the observable comet (counted in years), as it enters 483 the planetary region during its observable perihelion passage (this is usually called the "original" orbital 484 period).
485
20
We now pay attention to the flux of "new" comets, i.e., observable comets with an original semi-major axis larger than 10 000 AU. We will focus on the set of new comets for mainly two reasons.
487
• The set of observable comets with original semi-major axis less than 10 000 AU is statistically unstable.
488
Because of their large weights, few observable comets with small semi-major axis would have a drastic 489 effect on the results.
490
• Preliminary tests of how fading may affect the distribution of observable comets have shown that a 491 fading law taken from the best fit in Wiegert and Tremaine (1999) does not affect the distribution of 492 the new comets sample, whereas it does affect the distribution of comets with smaller semi-major axis.
493
Therefore, limiting ourselves to the new comets sample allows us to consider our results as independent
494
of fading, at least as the one proposed by Wiegert and Tremaine (1999).
495
The observed flux has been estimated to be about 4 comets per year for perihelion distance smaller than 496 5 AU with a total absolute magnitude H T < 11 (Francis, 2005) . Many estimates of the number of objects have from 70% to 80% 3 of the comets that are ejected during the integration time span, a present population 500 of (1 − 5) · 10 11 objects requires an initial population between 3.3 · 10 11 and 2.5 · 10 12 . Our results will be 501 calibrated as if the initial population was of 10 12 objects. Thus, to convert our flux of comets per Myr 502 using our sample of 50 million comets to a flux per year considering an initial population of 10 12 objects,
503
we simply have to multiply our flux by 0.02.
504
We will also consider the four different classes of observable comets defined in Fouchard et al. (2014a) .
505
These classes are:
506
• the jumpers, consisting of comets for which the perihelion distance passed from values larger than 507 15 AU into the observable region during the last orbital period before being observable;
508
• the creepers, consisting of comets whose perihelion distance was less than 15 AU at the perihelion 509 passage taking place one orbital period before the observability;
510
• the Kaib and Quinn jumpers, consisting of jumpers for which the quantity z = −1/a (proportional 511 to the orbital energy) increased by more than 10 −4 AU −1 at the perihelion passage preceding the Table 2 : For each sequence of stellar encounters given in the first column, we list the number of observable new comets/yr passing at less than 5 AU from the Sun considering an initial population of 10 12 comets, and for these comets the fractions (in %) of jumpers, creepers, KQ jumpers and KQ creepers, the median value of the initial semi-major axis a 0 50 , the fraction (in %) of retrograde comets, and the first quartile a orig 25 and the median a orig 50 of the original semi-major axis.
• and the Kaib and Quinn creepers, as Kaib and Quinn jumpers but for creepers.
514
The term Kaib and Quinn comes from Kaib and Quinn (2009) , where the process in question was highlighted
515
for the first time in the frame of Oort cloud dynamics.
516 Table 2 gives, for each stellar sequence and for the TP-model, the number of observable new comets per 517 year passing at less than 5 AU from the Sun considering an initial population of 10 12 comets, and for the 518 set of observable comets the fractions of jumpers, creepers, KQ jumpers and KQ creepers, the median value 519 of the semi-major axis a 050 , the fraction of retrograde comets, and the first quartile a orig 25 and the median 520 a orig 50 of the original semi-major axis.
521
The production rates of comets with all models including stars are consistent with the estimate made 522 by Francis (2005) . However, between the lowest production rate (3.2 com/yr) and the highest one (5.3 523 com/yr), we have a factor 1.6. Relating these numbers to the global efficiencies of stellar sequences given in
524
Tab. 1, we note that the stellar sequences that contain very efficient shower making stars, i.e., #3, #4 and 525 #7, yield the lowest fluxes (all smaller than 3.3). The other sequences yield fluxes larger than 3.9, but it 526 is hard to relate their production rates to their efficiencies. Thus, it appears that for sequences containing 527 stellar encounters that are disruptive to the Oort cloud, the final flux of observable comets is significantly 528 reduced. The background stellar encounters are also seen to reduce this flux, since the TP-model produces 529 about twice as many observable comets as the average full model.
530
To explain these differences, we must recall that the flux of observable new comets is closely related to the initial semi-major axis was larger than 3 000 AU and the population was fully thermalized. In any case,
548
it appears that between 55 and 60% of the observable comets had their preceding perihelion at less than 549 15 AU from the Sun, when stellar perturbations are at work. This is consistent with the study made by
550
Dybczyński and Królikowska (2011). The fraction drops to less than 30% for the TP-model, and again, this 551 difference will be explained in Sec. 4.2.
552
The median of the initial semi-major axis of the observable comets is always between 2 200 AU and 553 2 520 AU, including the TP-model. This highlights the key role of the planets to diffuse the semi-major axis 554 of the comets. We will return to this point in Sec. 5.
555
Concerning the retrograde fraction among the new comets, the percentages shown in the Table indicate 556 a small preference for retrograde orbits (except for our canonical Model #2). They are consistent with those creepers, orange for Kaib and Quinn jumpers, and magenta for Kaib and Quinn creepers. The same colour 565 codes are used to plot the fractions of prograde comets in each class in the lower panels, when available.
566
The Oort spike differs markedly between the two models. The maximum of the spike is at about 57 000 AU These differences can be explained by the TAZ filling shown in Fig. 6 . We note that for semi-major axes 575 larger than 13 000 AU, the TAZ is much more filled in the TP-model than in any full model. In particular,
576
the filling is at its maximum for semi-major axis around 50 000 AU. This is exactly where the spike has its 577 maximum. Because the tides produce jumper comets very efficiently for such high semi-major axis, we may understand the high fraction of jumpers and their location in the Oort spike as obtained in the TP-model.
579
When stellar perturbations are at work, the TAZ filling decreases continuously beyond 10 000 AU. The retrograde orbits of observable comets, using the ten different stellar sequences. As we already noted from
596
Tab. 2, these results do not change drastically between the sequences. The main difference concerns the 597 fraction of retrograde comets for semi-major axis smaller than 15 000 AU. This is mainly caused by statistical 598 fluctuation, since the effective number of data points is less than ten, but it shows that the tendency observed 599 in Model #2 is less robust than it may seem at first glance. where
with z min = −1 100 −1 AU −1 and z max = −50 000 −1 AU −1 .
602
We recall that, considering observable comets, we have to multiply this weight by 10 6 /P orig in order to 603 get the equivalent number of observable comets per Myr, and that our initial conditions were defined by 604 γ = 0. Oort cloud is essentially independent of the distribution of orbital energy in the initial disk.
611
We have already seen that, during the time from 17 T G to 21 T G , the Oort cloud has reached a quasi-612 steady state, where the energy distribution is governed by planetary perturbations for a < 1 000 AU and by the Galactic tides and stellar encounters for a > 2 000 AU. This state evolves only very slowly. Now we 614 see that the structure of the current Oort cloud has lost memory of the initial distribution of orbital energy,
615
from which it has evolved. planets and that the ecliptic inclination is small. As shown by Duncan et al. (1987) , the energy transport 618 caused by encounters with the planets then serves the role of feeding the comets into orbits that can be 619 affected by the external agents, the tides and the stars. When this is achieved, it does not matter, in which 620 initial orbit the comet was born.
621
The tidal regime is reached, when the strength of the tides is large enough to raise the perihelion out of 622 the planetary influence. The faster is this transport of the perihelion by the tides, the better the comets will comets.
628
The orbital domain with a < 1 000 AU, i.e., the planetary transport regime, is shaped by the planets.
629
We cannot say that this region corresponds to the Oort cloud, since both tides and stars poorly affect the 630 perihelion distance (see Fig 3 and Eq. 3). It is not the scope of the present paper to investigate the dynamics 631 in this region, but we know from our simulations that our objects are far from being dynamically inert, since since not only the structure but also the population of the current Oort cloud is rather insensitive to the 639 initial orbital distribution.
640
Finally, the only quantity affected by the initial orbital energy distribution is obviously the median of 641 the initial semi-major axis of the observable comets. This median converges to the lower bound of initial 642 semi-major axis at 1 100 AU (shown by the dotted line in Fig. 9a ). Again, this illustrates the independence 643 of the final results on the initial orbital energy distribution. Clearly, the sample of comets that currently 644 reach observable orbits is quite independent of the initial semi-major axis. by an integrable process.
655
We propose here that an object is in the Oort cloud if, during a time span equal to the age of the solar 656 system, the Galactic tides could raise the perihelion distance of the object so that its trajectory becomes 657 unaffected by the perturbations of the giant planets.. More precisely, considering the conservative limiting 658 value of 50 AU, we could say that an object belong to the Oort cloud, if the median effect of the tides is 659 such that it can raise the perihelion distance to more than 50 AU in less than 4.5 Gyr. This median effect 660 is obtained considering the value of q med already used in Sec. 3.1 (see also Appendix A).
661
In Sec. 3.1 we had seen that, for a comet with a perihelion distance q 0 = 32 AU, its semi-major axis 662 has to be greater than 1 090 AU to be an Oort cloud comet, and for q 0 = 15 AU, it has to be greater than 
665
The second point to discuss is when does the Oort cloud reach its steady state? We know that this steady imposed by the planets to the tidal regime. This shift is not easy to localize precisely. However, from Eq. A.4
671
in Appendix A, we see that the semi-major axis leading to a given change in perihelion distance during a 672 time span ∆t decreases as √ ∆t. In other word, if one considers that the Oort cloud is in steady state for 673 a > 2 000 AU after 4.5 Gyr, the semi-major axis a s beyond which it will be in steady state after a time span 674 ∆t will be given by:
where the unit ot time is the Gyr. 
714
Then it has been highlighted that our results are independent on initial energy distribution of comets:
715 shape of the Oort spike, shape of the final Oort cloud, strength of the final flux of observable comets.
716
The only quantity significantly affected by the initial orbital distribution was the initial semi-major axis 717 of observable comets: its median value is about 2 300 AU considering an uniform distribution of orbital 718 energy, and quickly converges toward the lower bound of our initial condition, i.e. 1 100 AU, when the initial 719 distribution becomes steeper. 1986). In this case, the evolution of the angular momentum G = µ ′ a(1 − e 2 ), where µ ′ = µM with µ the 732 universal gravitational constant and M the mass of the Sun and the giant planets, is given by:
where L = √ µ ′ a and H = G cos i G , with i G and ω G being the Galactic inclination and argument of 734 perihelion, respectively, and G 3 = 4π µ ρ ⊙ where ρ ⊙ is the local density of the Galactic disk.
735
When q ≪ a, neglecting term in (q/a) 2 , Eq. A.1 gives:
For low semi-major axis and high eccentricity, the evolution of ω G and i G is much smaller than the 737 evolution of q (see Matese and Whitman, 1992), consequently, one may consider than ω G and i G are constant,
738
at least for a time span significantly smaller than the period of the perihelion cycle induce by the tides (see Ratajczak (2005) will now be used. Let us first briefly recall their results.
747
In the integrable case we have, in addition to the mean Hamiltonian, two additional constants of motion: α = 1 − e 2 cos i G , and β = e 2 (1 − 5 sin
where e is the eccentricity, i G and ω G are the Galactic inclination and argument of perihelion, respectively. Except for the homoclinic motion, the period of motion of the perihelion cycle is given by:
where K is the complete elliptic integral of the first kind, P is the comet orbital period, G the universal gravitational constant, ρ ⊙ the local density of the Galactic disk and m is given by: m = ξ 1 − max(β, ξ 2 ) ξ 1 − min(β, ξ 2 ) .
The evolution of the eccentricity is such that its square value oscillates between a maximum given by ξ 1 753 and a minimum given by ξ 2 for the librating motion and β for the circulating one.
754
For both the circulating and librating motion, the minimum of T is obtained when m = 0, that is when 755 ξ 1 − max(β, ξ 2 ) = 0. It this case K(0) = π/2.
756
Considering the librating case, one has β < 0, and min(β, ξ 2 ) = β. If m = 0 then ξ 1 = ξ 2 , consequently β = −γ 2 . We thus obtain:
which is always smaller than 5 (and positive) since γ ≤ 2.
757
This leads to the well known minimal possible value of the period of the eccentricity cycle equal to:
However, this minimal value is obtained from the set of librating motion. which is always smaller than 5/2. Then the minimal period of the eccentricity cycle considering only circulating motion is
For our initial condition set, it appears than 65% of the comets correspond to librating solutions, whereas 759 considering only the comets in the TAZ, given by the value of ξ 1 , this proportion drops to 34%. This difference 760 is easily explicable from the expression for ξ 1 . Consequently, from the expressions of the minimal period of 761 the eccentricity obtained above, we see that this period is globally longer for the comets in the TAZ than 762 for comets outside it. Indeed, it appears than globally the period of the eccentricity is about 20% higher for 
